Abstract -Contamination of soils with cadmium is a major threat to ecosystems. Root uptake of cadmium from contaminated soils induces physiological changes such as a decrease in plant growth. Plant species and varieties show differential physiological mechanisms of cadmium tolerance. Here, we studied the effect of cadmium chloride on leaf chlorosis, gas exchange attributes and some essential nutrients in the shoots of selected tolerant and sensitive mungbean (Vigna radiata) varieties at the seedling, vegetative and reproductive growth stages. Our results show that elevated concentrations of cadmium led to accumulation of cadmium in the shoot and roots, intervein chlorosis of leaves and loss of pigments. Tolerant mungbean showed steady-state contents of potassium, magnesium, manganese and iron, and photosynthetic pigments at all growth stages. A decrease in the net photosynthesis, increase in substomatal CO 2 level and a decline in the ratio of net photosynthesis and substomatal CO 2 level revealed that cadmium prevented CO 2 fixation by Rubisco. Correlations of shoot cadmium concentration and chlorosis with its nutrient and pigment content, although negative in both varieties, were closer in the tolerant but absent, or weaker if present, in the sensitive mungbean. Most nutrients had close association with the content of photosynthetic pigments of tolerant mungbean, which indicated their involvement in maintaining steady levels of pigments. This finding indicates the involvement of nutrients and pigments in cadmium tolerance. In conclusion, cadmium tolerance in mungbean was attributed to low cadmium uptake and its accumulation in the shoot, leaf chlorosis, improved pigment, nutrient levels and carboxylation efficiency of Rubisco throughout the mungbean phenology. Based on these findings the tolerant mungbean can be grown in moderately cadmium-contaminated soils. cadmium toxicity / chlorosis / CO 2 assimilation / mungbean / nutrients / pigments
INTRODUCTION
Contamination of soils with heavy metals has become a serious threat worldwide, because they accumulate in soils and plants in excessive amounts and enter the food chain (Helal et al., 1998; Jamali et al., 2007) . Among the many heavy metals, cadmium is the most devastating soil pollutant due to its excessive discharge as a byproduct from industries. It is a nonessential and potentially toxic metal, decreasing dry matter and seed yields (Mediouni et al., 2006) . Being highly mobile within phloem, cadmium is translocated into different plant parts (Epstein and Bloom, 2005) . Reduction in growth and yield with increased cadmium levels in growth media arises due to leaf rolling, chlorosis of the leaf and stem (Wahid and Ghani, 2008 ) and a diminished gas exchange rate (Vassilev et al., 2005) . Other adverse effects include decreased ATPase activity of the plasmalemma fraction in maize (Astolfi et al., 2005) , changed lipid composition by enhanced production of reactive oxygen species and free radicals (Balakhnina et al., macro-and micronutrients in various plant parts (Kim et al., 2003; Shukla et al., 2003; Adhikari et al., 2006) . Root membrane transporters involved in the uptake of potassium, magnesium and manganese are the first targets of cadmium (Mengel et al., 2001) . Being mobile within the plant, cadmium may alter the nutritional status of various plant parts, which may be of greater physiological significance for photosynthesizing leaves (Baryla et al., 2001; Shukla et al., 2003; Wahid et al., 2007) .
Mungbean is sensitive to cadmium stress. In screening trials, we noted significant varietal differences in this crop for cadmium tolerance, which led to the selection of cadmiumtolerant (NM-98) and sensitive (NM-28) varieties (Wahid and Ghani, 2008) . From the above findings we hypothesized that cadmium tolerance in mungbean might be consistent with lowered chlorosis and maintenance of enhanced CO 2 and nutrient assimilation capacity of the leaves. In view of this prediction, the present study was undertaken to compare the selected tolerant and sensitive mungbean varieties for changes in leaf chlorosis, gas exchange attributes, photosynthetic pigments, some essential nutrients and their interrelationships at three phenological stages.
MATERIALS AND METHODS

Experimental details
Experiments were conducted during February-June, in the 2004 and 2005 sowing seasons, to determine changes in leaf chlorosis, growth, gas exchange, photosynthetic pigments and nutrient content of tolerant and sensitive mungbean [Vigna radiata L. (Wilczek)] varieties. Seeds were sown in plastic pots (5 per pot) containing 10 kg of soil. Thinning was carried out three days after emergence and two uniform seedlings were maintained per pot. The experimental design was completely randomized with four replications. Plants were grown up to predetermined growth stages (seedling, vegetative and reproductive: 15, 40 and 60 days after emergence, respectively) before applying 0 (no cadmium), 3, 6, 9 and 12 mg cadmium per kg soil using cadmium chloride. The cadmium levels used in this study were selected after conducting preliminary experiments under a range of cadmium levels in view of its availability under slightly alkaline pH of the soil, as described elsewhere (Wahid and Ghani, 2008) . The physicochemical characteristics of the soil were: texture, sandy loam; saturation, 28-30%; pH, 8; electrical conductivity of soil extract, 2.4 dS/m; organic matter, 1.15%; total nitrogen, 0.52%; and other nutrients (mg/kg) total phosphorus, 6.6; potassium, 160; and calcium, 10.3. Plants were irrigated with tap water (electrical conductivity 0.4 dS/m, sodium adsorption ratio 8, and cadmium nil). Soil moisture was kept at optimum level at all the crop growth periods. Half-strength nutrient solution (Epstein and Bloom, 2005) was applied fortnightly to fulfill nutritional needs. Determinations were made 15 days after the treatment applied at each stage.
Leaf chlorosis, plant growth leaf gas exchange and pigment determinations
To determine the comparative effects of cadmium stress at all growth stages, intervein chlorosed area was estimated, as described elsewhere (Wahid and Ghani, 2008) . Leaf area was determined on a leaf area meter (Model Li-3000, Licor, Licoln, USA). To determine their dry weight, the shoots were cut from roots. The root mass was collected after carefully washing off the adhering soil and briefly blotting the roots dry. Both the parts were put in paper envelopes and kept in an oven at 70
• C for a week. Net photosynthetic and substomatal CO 2 concentrations were determined on the second and third fully expanded leaves using an infrared gas analyzer (Analytical Development Company, Hoddesdon, England). The set of conditions for these determinations was: air flow per unit leaf 335-340 mmol/m 2 /s, atmospheric pressure 98.6-99.8 kPa, photosynthetically active radiation on leaf surface 900-1100 μmol/m 2 /s, CO 2 concentration ∼357 μmol/mol and ambient temperature was different at each stage. The net photosynthesis-to-substomatal-CO 2 ratio, separating the limitations to CO 2 uptake by stomata and its assimilation by Rubisco, was computed.
For the estimation of chlorophylls and carotenoids, the fresh material was extracted in 80% acetone in black-colored bottles, filtered, absorbance of the extract determined immediately using a spectrophotometer and quantities determined as described by Gitelson et al. (2001) . Specific absorption coefficients of chlorophyll and carotenoid were used (Lichtenthaler, 1987) .
Elemental analysis
Dried ground powder (0.5 g) of shoot and root was digested in a mixture of concentrated nitric acid and perchloric acid (3:1 ratio) on a heating block for about 1 h by gradually raising the temperature to 250
• C, filtered and the volume made up to 50 mL. The analysis of potassium was carried out using a flame photometer (Sherwood Model 410, Cambridge). Cadmium, magnesium, manganese and iron were estimated using an atomic absorption spectrophotometer (Perkin Elmer, Model AAnalyst 3000, Norwalk, Connecticut) as per the instructions of the manufacturer.
Statistical analysis
In the absence of any remarkable differences in various growth and analytical characters for both the years, the data were averaged to perform analysis of variance and determine significant differences among varieties, cadmium treatments and their interactions using COSTAT software (COHORT software, 2003, Monterey, California) . Correlations were established for shoot cadmium and leaf chlorosis with some gas exchange parameters, pigment and nutrient contents and those of pigments with nutrient contents separately for both the varieties at the seedling, vegetative and reproductive growth stages Effect of cadmium on photosynthesis, nutrition and growth of mungbean 275 in order to find the mechanism of cadmium tolerance in mungbean.
RESULTS AND DISCUSSION
Plant growth, chlorosis and cadmium concentration
The purpose of this research was to find the physiological basis of cadmium tolerance in the selected tolerant and sensitive mungbean varieties. Adverse effects of cadmium are evident as toxicity symptoms such as chlorosis and necrosis, and diminished growth and yield (Dalla Vecchia et al., 2005) . This study revealed significant differences in the chlorosis, dry matter yield of shoot and root, leaf area per plant and cadmium accumulation in the shoot and root at three growth stages (Tab. I). As presented in Figure 1 , both the varieties manifested remarkable differences for mesophyll chlorosis with a rise in root zone cadmium levels, although the extent of chlorosis at the seedling, vegetative and reproductive stages was greater in sensitive (eleven-, ten-and nine-fold, respectively) than in tolerant mungbean (seven-, seven-and six-fold, respectively). Greater leaf chlorosis, an important manifestation of cadmium toxicity (Dalla Vecchia et al., 2005; Wahid and Ghani, 2008) , mainly on the young leaves of sensitive mungbean, was observed as overall leaf yellowing and tangible chlorosed areas among the veins.
Plant performance under stressful conditions is appraised in terms of reduction in growth, yield and available area for photosynthesis (Bindhu and Bera, 2001; Mediouni et al., 2006) . In this study, applied cadmium diminished shoot and root dry weight and leaf area of both the varieties, although this diminution was greater in the sensitive mungbean (Fig. 1) . Compared with control, the decline in shoot dry weight at the seedling, vegetative and reproductive stages was 41, 35 and 46% for sensitive and 19, 20 and 31% for tolerant mungbean, while for root dry weight this decline was 60, 52 and 45% for sensitive and 22, 23 and 32% for tolerant mungbean. Likewise, the decline in leaf area per plant at the respective growth stages was 50, 36 and 40% in tolerant mungbean, but 67, 70 and 52% in sensitive mungbean. Increased levels of cadmium are toxic to many plants and the signs of toxicity are evident in the aboveground parts as increased chlorosis, and decreased leaf area, biomass and seed yield in various plant species (Baryla et al., 2001; Wahid and Ghani, 2008) . Well-marked difference in the tolerant and sensitive mungbean for shoot and root cadmium accumulation was evident (Tab. I; Fig. 2 ). The cadmium accumulation at the above-mentioned growth stages was substantially greater for shoots (26, 25 and 20%, respectively) and roots (23, 29 and 28%) of sensitive mungbean as compared with tolerant mungbean (15, 16 and 15% for shoots and 18, 21 and 22% for roots). Negative relationships of leaf chlorosis with shoot dry weight and leaf area (Tab. II) revealed that greater accumulation of cadmium in the leaves of sensitive mungbean as a toxicity response curtailed the available area for photosynthesis, production of photoassimilates and their partitioning for dry matter yield. 
Leaf gas exchange and photosynthetic pigments
Photosynthetic systems in plants are specific targets of cadmium damage (Balakhnina et al., 2005; Wahid et al., 2007) . Measurements of the changes in net photosynthesis, substomatal CO 2 level and the ratio of net photosynthesis-tosubstomatal CO 2 level revealed significant differences in varieties, cadmium treatments and their interaction at the seedling, Significant at ** P < 0.01; * P < 0.05 and ns, non-significant. vegetative and reproductive growth stages (Tab. I). Cadmium stress produced a steeper and greater decline in the net rate of photosynthesis of sensitive mungbean (60, 46 and 48%, respectively) than the tolerant mungbean (38, 23 and 39%) at the studied growth stages (Fig. 3) . Although applied cadmium increased substomatal CO 2 in both varieties (Fig. 3) , nevertheless tolerant mungbean displayed a lower substomatal CO 2 level (34, 23 and 25%) than the sensitive mungbean (40, 37 and 23%) at the seedling, vegetative and maturity stages, respectively. Decline in the net rate of the photosynthesis-tosubstomatal-CO 2 ratio, representing limitation to CO 2 fixation by Rubisco, was greater in the sensitive than the tolerant mungbean (Fig. 3) at all growth periods (72, 61 and 58% for sensitive and 54, 38 and 51% for tolerant mungbean). Overall, these findings suggest that applied cadmium had a discernible effect on the net rate of photosynthesis and substomatal CO 2 concentration of leaves; the former decreased and the latter was enhanced (Fig. 3) . This revealed that the effect of cadmium toxicity on CO 2 assimilation was mainly due to the nonstomatal component of photosynthesis, which is contrary to earlier findings for bean (Poschernirieder et al., 1989) and pea (Balakhnina et al., 2005) . The elevated substomatal CO 2 concentration and decreased net photosynthesis-to-substomatal-CO 2 ratio revealed that cadmium minimized the carboxylation efficiency of Rubisco as a toxicity response, albeit a sufficient amount of intracellular CO 2 was available. The presence of negative correlations of net photosynthesis and the net photosynthesis-to-substomatal-CO 2 ratio and positive ones of substomatal CO 2 level with shoot cadmium and leaf chlorosis at the three growth stages of mungbean (Tab. II) further substantiated these effects. Maintenance of steady levels of photosynthetic pigments is an important manifestation of metal tolerance in plants (Bhattacharjee and Mukherjee, 2003) . Chlorophylls and carotenoids are involved principally in light harvesting and a balance in their amounts (given as the chlorophyll-tocarotenoid ratio) is imperative for optimum light energy capture in photosynthesis (Wahid and Ghazanfar, 2006) . Leaf chlorophyll concentration revealed significant differences between the varieties and cadmium levels and their interaction at all stages (Tab. I). As depicted in Figure 4 for the vegetative stage, cadmium-treated tolerant mungbean indicated a lesser decline in the concentration of chlorophylls (18, 15 and 24%) than the sensitive mungbean (59, 49 and 61%) at the respective growth stages. Likewise, carotenoid content also decreased (Fig. 4) but indicated significant differences between varieties, cadmium treatments and an interaction of varieties and cadmium treatments at all stages (Tab. I). The decline in carotenoid concentrations was 50, 42 and 39% for sensitive mungbean and 15, 11 and 27% for tolerant mungbean at the seedling, vegetative and reproductive growth stages. These changes in chlorophyll and carotenoid contents significantly changed the chlorophyll-to-carotenoid ratio in both the varieties with increased cadmium levels (Tab. I; Fig. 4 ). The decline in this ratio for the sensitive mungbean was 18, 10 and 34%, and it either nominally decreased (3 and 5% at the seedling and vegetative stages) or increased (4% at the reproductive stage) in the tolerant mungbean. The loss of chlorophyll may be due to either an increased activity of the chlorophyll-degrading enzyme chlorophyllase or diminished activity of 5-aminolevulinic acid dehydratase (ALAD), a key Leaf chlorosis as a result of cadmium toxicity was directly associated with the loss and/or hampered biosynthesis of chlorophyll, as noted in this study for mungbean at various growth stages (Tab. II) and reported previously for pea (Hernandez and Cooke, 1997) , brassica (Baryla et al., 2001) and rice (Adhikari et al., 2006) . However, tolerant mungbean showed more negative and explicit relationships than sensitive mungbean. More notably, the tolerant, but not the sensitive mungbean, maintained a steady-state Chl-to-Car ratio, which was closely associated with the plant dry weight (r = P 0.01 for tolerant mungbean at all stages, while r = P 0.05 at the seedling and P 0.05 at the vegetative and reproductive stages for sensitive mungbean). In addition to the photochemical function, carotenoids have a specific role in mitigating oxidative damage on the thylakoid membranes produced under environmental stresses (Havaux, 1998; de Pascale et al., 2001; Smeets et al., 2005; Wahid and Ghazanfar, 2006) . Therefore, mungbean sensitivity to cadmium stress in this study is also assignable to a decreased chlorophyll-to-carotenoid ratio, which led to a limited light harvesting capacity of leaves.
Shoot nutrients
Cadmium has been shown to hamper the status of essential macro-and micronutrients in a number of plant species (Shukla et al., 2003; Kim et al., 2003; Ghnaya et al., 2007) . In this study, determinations were made for potassium, magnesium, manganese and iron, since their deficiency produces visible signs of chlorosis on leaves (Epstein and Bloom, 2005) . Statistical analysis of the data indicated significant differences in the mungbean varieties and cadmium levels for the concentrations of potassium, magnesium, manganese and iron (Tab. I; Fig. 5 ). With substantial differences, both the mungbeans indicated a decline in the contents of potassium (52, 41 and 38% for sensitive and 38, 18 and 34% for tolerant), magnesium (48, 37 and 33% for sensitive and 16, 21 and 34% for tolerant), manganese (29, 30 and 20% for sensitive and 13, 16 and 16% for tolerant) and iron (30, 26 and 26% for sensitive and 19, 15 and 21% for tolerant) at the seedling, vegetative and reproductive stages. The chlorosis of leaves under adverse conditions quite often results from the deficiency of certain essential nutrients (Mengel et al., 2001) . Correlations of the studied nutrients with photosynthetic pigments revealed that except for a positive correlation of potassium with chlorophyll, none of the nutrients were related to the carotenoids or chlorophyllto-carotenoid ratio at any stage in the sensitive mungbean; contrarily, these relationships were closer and positive in tolerant mungbean at all growth stages (Tab. II). This revealed that sensitive mungbean appeared to lack an effective control over the accumulation of cadmium and other nutrients, thereby showing decreased growth. In view of their involvement in the biosynthesis of photosynthetic pigments and the role of light and dark reactions of photosynthesis as structural or functional components, we believe that the accumulation pattern of the nutrients as displayed by tolerant mungbean is imperative for its cadmium tolerance.
CONCLUSION
In physiological terms, cadmium tolerance of mungbean was related to improved shoot nutrients and photosynthetic pigments, maintenance of a steady-state chlorophyllto-carotenoid ratio and low intervein (mesophyll) chlorosis. These changes in the tolerant mungbean resulted in greater photosynthetic area and an improved CO 2 assimilation capacity of leaves, which emerged as an important mechanism of cadmium tolerance. Based on these findings, tolerant mungbean can be cultivated in moderately cadmium-contaminated soil for sustained production of this important leguminous crop species.
